Centriole duplication occurs once per cell cycle through the assembly of daughter centrioles on the side wall of pre-existing centrioles. Little is known about the molecules involved in the assembly of new centrioles. Here, we identify CRC70 as a Chlamydomonas protein with an important role in the accumulation of centriole proteins at the site of assembly. CRC70 contains a highly conserved ,50-aminoacid sequence shared by mammalian Cep70 and preferentially localizes to immature centrioles (the procentrioles). This localization is maintained in the mutant bld10, in which centriole formation is blocked before the assembly of centriolar microtubules. RNA interference (RNAi)-mediated knockdown of CRC70 produces flagella-less cells and inhibits the recruitment of other centriole components, such as SAS-6 and Bld10p to the centriole. Overexpression of CRC70 induces an accumulation of these proteins in discrete spots in the cytoplasm. Overexpression of EGFP-tagged CRC70 in mouse NIH3T3 cells causes the formation of structures apparently related to centrioles. These findings suggest that CRC70 is a member of a conserved protein family and functions as a scaffold for the assembly of the centriole precursor.
Introduction
The centriole is a cellular organelle that functions as the core of the centrosome, as well as the assembly site for the cilium (Azimzadeh and Bornens, 2007) . Centrioles have a characteristic structure consisting of nine triplet microtubules and their assembly occurs once per cell cycle through a 'duplication' process that has remained a long-standing puzzle. Various ultrastructural studies have shown that the first step of assembly is the appearance of an amorphous structure on the side wall of the mature cylindrical centriole. This amorphous structure is called the generative disk in Paramecium (Dippell, 1968) and the amorphous ring in Chlamydomonas (O'Toole et al., 2003) . In the next step, a cartwheel structure composed of a central hub and nine spokes is produced on the amorphous ring. Once this complex is formed, nine triplets assemble at the tips of the cartwheel spokes and elongate distally to ,400 nm (Dutcher, 2007) . The incomplete centriolar structures that appear next to the mature centriole are called procentrioles. These findings imply that the characteristic circular arrangement of triplet microtubules is determined at an early stage of assembly, probably during the formation of procentrioles. The identification of the molecules that form the procentrioles is therefore important to understand the mechanism of centriole assembly.
Recent studies using Caenorhabditis elegans identified a set of genes that play a role in the early steps of centriole assembly. SPD-2 (Kemp et al., 2004; Pelletier et al., 2004) and ZYG-1 (O'Connell et al., 2001 ) were found to trigger centriole assembly. SAS-5 (Delattre et al., 2004 ) and SAS-6 (Dammermann et al., 2004; Leidel et al., 2005) mediate the formation of the central tube, which is a centriole precursor uniquely found in C. elegans (Strnad and Gönczy, 2008 ). SAS-6 was shown to be a cartwheel component in Chlamydomonas , where another cartwheel protein, Bld10p, was also identified (Matsuura et al., 2004; Hiraki et al., 2007) . Analyses of the null mutants bld12 and bld10 revealed that the cartwheel serves as the scaffold for centriolar microtubule assembly and that it stabilizes the ninefold symmetry of the centriole. In fact, the bld12 mutant lacked the radial structure of the cartwheel and frequently had centrioles with aberrant numbers of triplet microtubules, ranging from seven to 11 . Despite the defects in the cartwheel, the majority of the centrioles in bld12 still had nine microtubule sets, suggesting that the ninefold symmetry is established by multiple factors . Proteins specifically expressed in the procentriole before cartwheel formation might therefore play important roles in establishing the ninefold symmetry of the centriole.
Here, we describe the identification of CRC70, a coiled-coil protein from Chlamydomonas, which functions in the assembly of the procentriole before the formation of the cartwheel. CRC70 shows a partial similarity to mammalian Cep70. RNA interference (RNAi)-mediated depletion of CRC70 in Chlamydomonas prevents the recruitment of SAS-6 and Bld10p to the centriole, whereas overexpression results in the accumulation of SAS-6 and Bld10p in multiple foci in the cytoplasm. When expressed in mouse 3T3 cells, CRC70 induced the formation of multiple centriole-like structures in the cytoplasm. Hence, CRC70 is a hitherto unidentified protein that participates in the early process of centriole assembly.
Results

CRC70 is a coiled-coil protein related to Cep70
Proteomic analyses of centrosomes and basal bodies (Andersen et al., 2003; Li et al., 2004; Keller et al., 2005; Kilburn et al., 2007) have shown that the centrioles contain many high-molecular-mass proteins with extensive coiled-coil domains. Here we identified a gene encoding a high-molecular-mass coiled-coil protein in a search for the mutation responsible for the deficiency in centriole maturation of the Chlamydomonas mutant uni1 (Huang et al., 1982) . Although the identified gene was determined, by a PCRbased method, to be located close to the uni1 locus (Kathir et al., 2003) , no mutation was found in the cDNA sequence for uni1. Although its relationship to the uni1 mutation is not clear, this coiled-coil protein was shown to be a centriole protein.
The gene has a single 5592 bp open-reading frame (ORF) that encodes a protein of 1864 amino acids with a molecular mass of 201 kDa. The program PAIRCOIL (Berger et al., 1995) predicted that the entire deduced amino acid sequence, except for the Cterminal 20%, had a high probability of forming coiled-coils (Fig. 1A) . BLAST searches using short segments of the predicted protein revealed that a sequence of ,50 amino acids in the Cterminal non-coiled-coil region is highly similar to the partial sequence of a mammalian centrosomal protein, Cep70 (Fig. 1) ; in fact, the predicted protein and Cep70 are mutually 'best hits'. It was therefore named CRC70 for Chlamydomonas protein related to Cep70. Proteins containing the conserved 50-aminoacid sequence, which was designated 'the Cep70 motif', were found in vertebrates, coelenterates, bryophytes and algae (Fig. 1B) , but not in higher plants, yeast, C. elegans or Drosophila. Chlamydomonas and most of the other organisms in which these proteins were present only had a single protein of Fig. 1 . CRC70 is a member of a conserved protein family related to Cep70. (A) Schematic representation of the proteins that have the Cep70 motif (GenBank accession numbers are given unless otherwise noted). Chlamydomonas reinhardtii CRC70 (AB470484); a Volvox carteri predicted protein (JGI protein ID 117327); a Physcomitrella patens predicted protein (XP_001782614); an Ectocarpus siliculosus predicted protein (CBN78542); a Trichoplax adhaerens predicted protein (XP_002109671); a Nematostella vectensis predicted protein (XP_001629475); Danio rerio Cep70 (NP_001108048) (Wilkinson et al., 2009 ); a Xenopus laevis predicted protein (NP_001089214); Mus musculus Cep70 (NP_076362); and Homo sapiens Cep70 (NP_077817) (Andersen et al., 2003) . The Cep70 motif is shown in red and coiled-coil domains in gray. The boxes with broken lines indicate predicted amino acid sequences based on incompletely determined DNA sequences. The C-terminal half of CRC70 displays 51-94% similarity to other Cep70s. The double arrow indicates the peptide used as the antigen. aa, amino acids. (B) Alignment of the 'Cep70 motif' sequences. The amino acid sequences were aligned and plotted using ClustalW and BOXSHADE. Black and gray shadings indicate regions of identity and conservative amino acid substitutions, respectively. (C) A phylogenetic tree showing relative distances among Cep70 family proteins. The distance was visualized using the NJplot program (Perrière and Gouy, 1996) . To assess the confidence level of the phylogenetic tree, bootstrap probabilities were estimated with 1000 bootstrap replicates, and are shown at the nodes (Felsenstein, 1985) .
CRC70 is a scaffold protein in centriole assembly 2965 this family. In a structure-based sequence alignment, proteins containing this motif were found to share a common pattern, consisting of an extensive coiled-coil domain in the N-terminal region and the Cep70 motif close to the C-terminus (Fig. 1A) . This structural similarity suggests a common origin (Fig. 1C) . The C-terminal half of CRC70 displays a high degree of homology (9-69% identity and 51-94% similarity) to other Cep70 family proteins (Fig. 1 ).
CRC70 localizes to procentrioles
A polyclonal antibody was raised against a bacterially expressed peptide corresponding to residues 16-360 of CRC70 (Fig. 1A ) and was affinity-purified with the same peptide. Western blot analysis using this antibody detected a single band in a protein sample of the nucleoflagellar apparatus (NFAp), a cytoskeletal complex containing two mature centrioles, two procentrioles and two axonemes ( Fig. 2A,C) . The apparent molecular mass of the band was as expected from the deduced amino acid sequence. However, no band was detected in western blot analyses of whole cell extracts ( Fig. 2A) , suggesting that CRC70 is present only in small amounts in the cell but is concentrated in the centriolecontaining cytoskeleton.
Consistent with these results, immunofluorescence microscopy revealed that CRC70 was localized to discrete spots near the flagellar-proximal end of the cell (Fig. 2B ). The CRC70 signal was always observed as one or two fluorescent spots, suggesting that this protein is localized to either centrioles or procentrioles. In samples double-stained with the anti-CRC70 antibody and an anti-acetylated a-tubulin antibody, the fluorescent spots for CRC70 were located beside but not on the flagella-basal body axis. The positional relationship between centrioles and procentrioles in the NFAp (Fig. 2C) implied that most CRC70 molecules are localized to procentrioles. This idea was supported by the analysis of cells double-stained with the anti-CRC70 antibody and an antibody against polyglutamylated tubulin, which has been shown to specifically localize to mature centrioles in Chlamydomonas (Lechtreck and Geimer, 2000) . Fluorescent spots corresponding to CRC70 and polyglutamylated tubulin were located side by side but were not exactly superimposed (supplementary material Fig. S1 ).
Immunoelectron microscopy confirmed the procentriolar localization of CRC70. Cross-sections containing both centrioles and procentrioles showed that the majority of the gold particles representing CRC70 were near the procentrioles and most densely distributed on the side facing the center of the cruciate rootlet microtubules: the side near triplets 1, 8 and 9 in the numbering system proposed by Geimer and Melkonian (Geimer and Melkonian, 2004) (Fig. 2D,E ; supplementary material Fig. S2 ). In longitudinal sections of the centriole and nascent procentrioles, gold particles were detected surrounding the procentrioles and on transitional fibers attached to the distal part of mature centrioles ( Fig. 2D,E ; supplementary material Fig.  S2 ). However, localization to transitional fibers might be nonspecific, on the basis that detection of apparently unrelated antibodies is often observed surrounding these fibers (our unpublished results). Fig. S2 ). c, centriole; p, procentriole; rt, rootlet microtubules; cw, cartwheel; tf, transition fiber. Scale bars: 2.5 mm (B); 100 nm (D).
CRC70 appears at an early stage of centriole assembly
The localization pattern of CRC70 suggests that it functions at an early stage in the centriole assembly process. To establish a correlation between the stages of centriole assembly and the recruitment of CRC70, the protein was detected using immunofluorescence microscopy in the centriole-deficient mutants bld12 , bld10 (Matsuura et al., 2004; Hiraki et al., 2007) and bld2 (Goodenough and St. Clair, 1975; Ehler et al., 1995; Dutcher et al., 2002) . These mutants have defects in the early stages of centriole assembly: bld10 has a mutation in a component of the cartwheel and lacks centriole microtubules, bld12 also has a mutation in a cartwheel component and its centrioles have variable numbers of microtubule triplets, and bld2 has a mutation in e-tubulin and fails to produce triplet microtubules. Substantial fractions of mutant cells displayed fluorescent CRC70 signals at the center of the radiating cytoplasmic microtubules: ,14% of cells in bld10, ,43% in bld12 and ,58% in bld2, whereas this number is ,91% in wild-type cells under the same conditions (n5200 cells for each strain) (Fig. 3) . These results suggest that CRC70 is recruited to the centriole assembly site before the assembly of the cartwheel.
Most CRC70 disappears from the mature centriole before or at the onset of the formation of the new centriole
The cell-cycle-dependent changes in CRC70 localization were examined by co-staining cells with the anti-CRC70 antibody and an anti-a-tubulin antibody, and sorting images according to cell cycle stages (supplementary material Fig. S3 ). CRC70 spots were observed at the base of the flagella in interphase and at the spindle poles during the mitotic phase, suggesting that the protein is associated with the centrioles or procentrioles throughout the cell cycle.
To determine when CRC70 disappears during the maturation of procentrioles, changes in the number of fluorescent spots detected at the spindle poles were assessed. Spindle poles were examined because centriole duplication in Chlamydomonas begins in the mitotic metaphase or anaphase, unlike most other organisms in which duplication occurs in the S phase (Gaffal, 1988) . Strikingly, the number of CRC70 spots at the spindle poles never exceeded two (supplementary material Figs S1 and S3). This pattern is in contrast with that of proteins that localize to both the procentriole and centrioles, such as Uni2p, which is detected as three or four fluorescent spots during the mitotic anaphase (Piasecki et al., 2008) . These results suggest that CRC70 disappears from mature centrioles at the onset of procentriole formation.
CRC70 expression substantially increases transiently before mitosis
Quantitative real-time PCR (qRT-PCR) showed large changes in the CRC70 mRNA concentration during the cell cycle. When Chlamydomonas is cultured on a 12-hour-light-12-hour-dark cycle, most cells remain in G1 phase during the light period and go through two or three consecutive cycles of cell division during the dark period (Spudich and Sager, 1980 ) (supplementary material Fig. S4A ). qRT-PCR analysis was performed at various timepoints during the light-dark cycle, and the number of mitotic cells was assessed using fluorescence microscopy. Under these experimental conditions, the highest fraction of dividing cells in a culture was ,30%, which occurred 7 hours after the beginning of the dark period. The concentration of CRC70 mRNA dramatically increased 1 hour into the dark phase, whereas it was hardly detected during the light phase (supplementary material Fig. S4B ). These findings suggest that CRC70 mRNA expression, and probably the expression of its protein product, increases before the beginning of the mitotic phase.
RNAi-mediated knockdown of CRC70 impairs the centriolar localization of SAS-6 and Bld10p
The early recruitment of CRC70 to the centriole assembly site led to the hypothesis that this protein might play a role in initiating centriole assembly. To examine this possibility, CRC70 was knocked down in Chlamydomonas cells using an artificial microRNA (amiRNA) (Molnar et al., 2009; Zhao et al., 2009 ). Wild-type cells were transformed with plasmids producing amiRNA precursors and were screened for defective flagellar growth, a phenotype common to most centriole-deficient mutants of Chlamydomonas. Two clones (ami1 and ami2) were obtained that produced almost no flagellated cells. However, as previously reported in RNAi experiments with Chlamydomonas (Koblenz et al., 2003; Schroda, 2006) , the effect of amiRNA was apparently unstable and the flagella-less phenotype of the two clones was gradually lost in subsequent cell division cycles. At the time of the analyses, the cultures of ami1 and ami2 contained ,10% and ,20% flagellated cells, respectively.
The effects of amiRNA in these clones were examined by western blotting and immunofluorescence microscopy ( Fig. 4A,C) . The amounts of CRC70 within the cell bodies of the ami1 and ami2 lines were assessed by western blotting of cytoskeletal fractions, which contain centrioles, and the band densities were compared between these cells and the cells of fla10-2, a mutant that retains normal centrioles but lacks flagella owing to a mutation in flagellar kinesin (Matsuura et al., 2002) . Cytoskeletal fractions were used because the whole cell CRC70 concentration is too low for detection by immunoblotting ( Fig. 2A) . The protein levels of CRC70 in ami1 and ami2 were reduced to 7% and 35% of the CRC70 level in fla10-2, Fig. 3 . CRC70 appears at an early stage of the centriole assembly process. Indirect immunofluorescence microscopy localization of CRC70 in bld2, bld10 and bld12 cells. Cells were stained with anti-CRC70 (magenta) and anti-a-tubulin (green) antibodies. CRC70 is located at the center of the radiating cytoplasmic microtubules, appearing as a white spot (arrowhead) in each panel. Scale bar: 5 mm.
respectively (Fig. 4A) . These results were confirmed by immunofluorescence microscopy, which showed greatly reduced CRC70 fluorescent signals in the flagella-less ami1 and ami2 cells, whereas fluorescent spots were clearly observed in fla10-2 cells and in the minor populations of ami1 and ami2 cells that had flagella (Fig. 4C) .
The ami1 and ami2 clones displayed slow cell growth rates, similar to the growth rate of bld10 (Fig. 4B) , which has mitotic defects caused by aberrant centriole formation (Matsuura et al., 2004) . Strikingly, the cytoskeletal fraction of the ami1 and ami2 cells contained lower amounts of SAS-6 and Bld10p than the control. The protein levels of SAS-6 and Bld10p were reduced to 15% and 7% of those of the wild-type cells in ami1, and to 40% and 30% in ami2, respectively, whereas those in the whole cell extract from either strain were not reduced (Fig. 4A) . The fluorescent spots corresponding to these proteins showed a substantial decrease in intensity in non-flagellated ami1 and ami2 cells (Fig. 4D,E) . These results suggest that the depletion of CRC70 interferes with the recruitment of centriole proteins and the assembly of the centriole structure.
Overexpression of CRC70 induces ectopic localization of centriole proteins
Strains overexpressing CRC70 were established to examine further whether CRC70 has a scaffolding function. Wild-type cells were transformed with an expression vector containing the full-length CRC70 cDNA tagged with FLAG or a triple hemagglutinin (HA 3 ) epitope. The transformants were screened by western blotting using anti-CRC70 or anti-HA antibodies.
Transformants showing the CRC70 band, even in blots of whole cell extract, were assumed to be overexpressing strains because CRC70 concentration in control cells is too low to be detected in whole cells by western blot analysis. Two strains were isolated in a screen of ,1000 transformants (Fig. 5A) . Each isolated strain contained abnormally large cells that lacked flagella. The number of those cells were initially ,10% of the total, but gradually decreased in subsequent cell division cycles. This decrease is similar to the gradual decrease of the flagella-less cells observed in the amiRNA experiments. Both phenomena are probably due to a suppression of exogenous gene expression frequently observed in Chlamydomonas (Neupert et al., 2009) . At the time of the analyses, ,5% of the total cells were abnormally large in the cultures of ov1 and ov2.
The localization of the expressed CRC70 varied in both strains depending on the expression level in the cell. At relatively high expression levels, CRC70 formed aggregates in the cytoplasm, whereas at moderate expression levels, it localized only to the base of the flagella (Fig. 5B) . Most of the CRC70 aggregates were observed in the abnormally large cells. To assess the effect of CRC70 overexpression on centriole assembly, the localization of Bld10p and SAS-6 was examined in the transformants. Like CRC70, these proteins were found to localize to discrete spots in the cytoplasm in cells overexpressing CRC70 (Fig. 5C ). Double staining of HA-tagged CRC70 and SAS-6 showed that the spots described above coincided with the CRC70 aggregates (Fig. 5D) . Strikingly, some of the spots radiated microtubules (Fig. 5C , arrows). These observations suggest that the overexpression of CRC70 induces ectopic accumulation of centriole proteins in discrete spots and some of the spots acquire microtubulenucleating activities. However, the tendency of CRC70-overexpressing cells to lose flagella rather than display an increase in flagellar number suggests that the microtubulenucleating spots found in those cells do not have the activity to initiate flagellar assembly.
CRC70 localizes to the procentriole in NIH3T3 cells
As shown above, CRC70 is partially similar to Cep70, a centrosomal protein conserved in a wide range of organisms, including mammals (Fig. 1) . The effect of CRC70 on centriole assembly in mammalian cells was therefore investigated by expressing the protein in mouse NIH3T3 cells. A plasmid designed to express CRC70 fused to enhanced green fluorescent protein (EGFP) was transfected into mouse 3T3 cells. EGFP fluorescence was observed in transfected cells as a prominent spot near the nucleus (Fig. 6A) . Immunofluorescence microscopy using antibodies against a-and c-tubulin showed that the fluorescent spot coincided with the center of the radiating microtubules, namely the microtubule-organizing center (MTOC), and that it overlapped with the c-tubulin signal (Fig. 6A) , suggesting that CRC70 is located at the centrosome.
A more detailed localization of CRC70 was carried out using antibodies against four centriolar proteins: Odf2, which localizes to the distal end of the mature centriole (Nakagawa et al., 2001; Ishikawa et al., 2005) ; C-Nap1 (also known as centrosomeassociated protein CEP250), which localizes to the proximal end of the mature centriole (Fry et al., 1998) ; centrin, which localizes to the centriolar lumen with a bias toward the distal end (Paoletti et al., 1996) ; and SAS-6, which localizes to the proximal end of the procentriole (Strnad et al., 2007) . Images of the centrosome in the CRC70-overexpressing cells double-stained with anti-Odf-2 and anti-C-Nap1 antibodies showed that the CRC70 signal was located on the side of the mother centriole axis, just like the SAS-6 localization observed in HeLa cells (Fig. 6B) (Strnad et al., 2007) . Positional relationships between the CRC70 and centrin signals also supported the similarity of the CRC70 and SAS-6 localization (Fig. 6C) . Indeed, the SAS-6 signal almost completely overlapped with the CRC70 signal (Fig. 6D ). These observations suggest that CRC70 localizes to the procentriole in mouse cells, as well as in Chlamydomonas cells.
CRC70 contains two regions that direct its localization to the centrosome
To identify the CRC70 sequence that determines the centrosomal localization of the protein in mouse cells, various CRC70 fragments were fused with EGFP at the N-terminus and their location within the cell was assessed (Fig. 7) . Of the six fusion proteins generated (F1-F6) (Fig. 7A ), F3 and F6 showed diffuse localization throughout the cytoplasm, whereas F1, F2, F4 and F5 were, at least in part, localized to centrosomes (Fig. 7B ). These observations clearly show that CRC70 has two distinct regions that enable centrosomal localization. Interestingly, the sequence alignment shows that one of them, the region F4-F5, corresponds to a coiled-coil region in zebrafish Cep70 that has been shown to be crucial for its centrosomal localization (Wilkinson et al., 2009) (Fig. 7) .
Overexpression of CRC70 induces assembly of centriolelike structures in mouse cells
To investigate whether CRC70 overexpression in mouse cells induces the formation of centriole-related structures, as observed in Chlamydomonas cells, the localization of mammalian SAS-6 and c-tubulin was examined in NIH3T3 cells expressing EGFPtagged CRC70 at relatively high expression levels (which account for ,30% of the transfected cells). In most of these cells, EGFP fluorescence was observed to form clusters of spots, most of which, but not all, overlapped with the signals of atubulin, c-tubulin, centrin and SAS-6 (Fig. 8A-D) . These observations suggest that when CRC70 is overexpressed in mouse cells it forms aggregates by itself, and that some of the aggregates contain centriolar and centrosomal proteins.
To examine whether these aggregates contain centrioles or centriole-like structures, the CRC70-overexpressing cells were observed by electron microscopy. Strikingly, multiple centriolelike structures were observed in distinctive areas near the nuclei; the areas contained numerous electron-dense clumps with radiating microtubules and densely packed microtubules (Fig. 8E-J) . Some of the structures had the characteristic cylindrical structure of the centriole with a diameter of ,200 nm and a length of ,400 nm, whereas others had defective structures such as open cylinders, which are similar to the regenerating centrioles observed after laser ablation in HeLa cells (Khodjakov et al., 2002) . Although we cannot rule out the possibility that some of these structures are endogenous centrioles formed during multiple rounds of cell cycles without cytokinesis, the CRC70 aggregates might well have induced ectopic formation of centriole-like structures and centrosomes.
Discussion
The present study identified CRC70 as a Chlamydomonas protein with a partial sequence similarity to the mammalian centrosomal protein Cep70. CRC70 probably appears at an early stage of centriole assembly and is absent from mature centrioles. RNAimediated CRC70 silencing resulted in cells that lacked flagella and grew slowly, which are phenotypes characteristic of centriole-deficient mutants. The centriole components SAS-6 and Bld10p were greatly reduced in these cells, indicating that CRC70 is crucial for the recruitment of centriole proteins to the assembly site. This concept is supported by the finding that the overexpression of CRC70 causes the ectopic accumulation of centriole proteins in both Chlamydomonas and mammalian cells and the formation of centriole-like structures in mammalian cells. Hence, CRC70 is likely to function as a scaffold for centriole assembly, a function that might be shared with other Cep70 family proteins.
CRC70 is a possible component of a precartwheel structure
Immunofluorescence microscopy showed that CRC70 localizes to MTOC-like spots in the mutants bld2, bld10 and bld12, which are deficient at specific stages in the centriole assembly process. The mutant bld2 has centrioles with singlet microtubules (Goodenough and St. Clair, 1975) , bld10 has centrioleassociated structures with no centriolar microtubules (Matsuura et al., 2004) and bld12 has fragmented centrioles or centrioles with variable numbers of triplet microtubules . In bld10, the mutant with the most severe phenotype, the assembly process probably stops at the stage of cartwheel formation because the product of the BLD10 gene is a component of the cartwheel spoke tip to which a microtubule attaches . Thus, the detection of a single CRC70 dot in bld10 cells suggests that CRC70 localizes to the presumptive centriole assembly site during or before cartwheel formation (Fig. 3) .
In these centriole-deficient mutants, however, the number of the cells having the CRC70 dot was much lower than that in wild type. This is probably because efficient formation of centriole assembly sites requires pre-existing centrioles or centriole-like structures, as shown by previous studies (Marshall et al., 2001; Khodjakov et al., 2002) . In support of this idea, the percentage of CRC70-positive cells appears to correlate with the degree of the centriole defects in the mutants: only ,14% of the bld10 cells were positive for CRC70, whereas ,58% and ,43% were positive for CRC70 in bld2 and bld12, which retain some centrioles or centriole-like structures. Thus, these observations suggest that the CRC70 fluorescent dot represents the centriole assembly site.
In the Chlamydomonas centriole assembly process, an amorphous ring structure is formed before the appearance of the cartwheel (O'Toole et al., 2003) . The structure, which is difficult to observe by conventional electron microscopy but is detectable by cryoelectron microscopy (Dutcher, 2007) , is seen around the proximal end of both procentrioles and mature centrioles. Despite its apparent importance in the centriole assembly process, the molecular components of the amorphous ring have not been identified. CRC70 could be one of these components because it is localized to the outer side of the microtubule wall of the procentriole before cartwheel formation, in accordance with the timing and location of the amorphous ring (Figs 2 and 3) (O'Toole et al., 2003) . However, whereas the ring structure remains attached to mature centrioles (O'Toole et al., 2003) , CRC70 is absent in mature centrioles ( Fig. 2 ; supplementary material Fig. S3 ). Hence, CRC70 could be a protein that transiently localizes to the amorphous ring during the initial assembly process.
Scaffolding function of CRC70
RNAi-depletion of CRC70 impaired the localization of SAS-6 and Bld10p to the centriole and produced aflagellate cells that grew as slowly as the centriole-deficient mutant bld10 (Fig. 4B) . Because Bld10p is required for the formation of centriolar microtubules (Matsuura et al., 2004) , these results suggest that flagella-less cells depleted of CRC70 do not form centrioles. In contrast to the RNAi experiments, overexpression of CRC70 in mouse cells resulted in the assembly of multiple centriole-like structures in the cytoplasm (Fig. 8) . Overexpression of CRC70 in Chlamydomonas cells also caused centriole proteins to assemble into discrete spots in the cytoplasm, some of which appeared to function as cytoplasmic microtubule foci (Fig. 5) . Although these spots have not yet been observed by electron microscopy, it is possible that the CRC70 aggregates in the Chlamydomonas cytoplasm trigger the assembly of ectopic centrioles.
CRC70 is a member of the Cep70 protein family
Cep70 is a centrosomal protein that was identified in a proteomic analysis of human centrosomes (Andersen et al., 2003) . Although many mammalian homologs of this protein are found in DNA sequence databases, its sequence conservation in organisms other than vertebrates is not known. BLAST searches with the CRC70 sequence identified a highly conserved short sequence motif shared by Cep70-homologous proteins and showed that proteins containing this motif are present in various eukaryotic organisms, including vertebrates, bryophytes and algae, but not in organisms that do not have centrioles, such as higher plants and fungi, or organisms that have non-canonical centrioles such as C. elegans and Drosophila (Fig. 1) . We suggest therefore that the group formed by these proteins should be called the Cep70 family. The structural features shared by these proteins, namely a large coiled-coil domain in the N-terminal region and the Cep70 motif in the C-terminal region, imply that these proteins originate from a common ancestor and retain common functions. In fact, when expressed in mouse cells, partial constructs of CRC70 that include a region homologous to the N-terminal sequence of Cep70 also localize to the procentriole.
We note, however, that some Cep70 family members have structural domains shared by only a limited group of organisms. For example, a tetratricopeptide repeat domain is found only in mammals (see the GeneCards database, http://www.genecards. org/cgi-bin/carddisp.pl?gene5CEP70) (Rebhan et al., 1998) , a histone-deacetylase-interacting domain only in zebrafish (Wilkinson et al., 2009 ) and an additional long coiled-coil domain only in algae (the present study). These structural deviations suggest that Cep70 family proteins have some speciesspecific functions in addition to common functions in the centriole or centrosome. The long coiled-coil domain of the algal protein is particularly interesting because it contains a region that functions as a second locus for centriole localization (Fig. 7) . The CRC70-mediated induction of centriole-like structures in mammalian cells might depend on this region, as overexpression of Cep70 does not induce ectopic centriole formation (see below). However, the two centriole-localizing domains could function synergistically to produce centriolar precursors. The precise role of the two domains in CRC70 remains to be studied. Expression of these domains, singly or together, in Drosophila cells, which have no Cep70-homologous proteins, might also provide some clues as to their other functions.
Functions of Cep70 family proteins
Despite the close relationship between CRC70 and vertebrate Cep70, previous studies have not suggested the involvement of Cep70 in centriole formation in vertebrates. Genome-wide analyses using RNAi showed that depletion of Cep70 does not disturb mitosis in human cells (Neumann et al., 2010) . Overexpression of Cep70 in human cells results in the formation of cytoplasmic aggregates but these aggregates do not colocalize with c-tubulin or cause overduplication of centrosomes (Nigg, 2004) . Depletion of Cep70 in zebrafish using antisense morpholino oligonucleotides impairs ciliogenesis but does not prevent centriole formation (Wilkinson et al., 2009 ). Thus, Cep70 might not be involved in centriole formation in these cells. However, our finding that CRC70 localizes to the procentriole in Chlamydomonas, together with the observation that Cep70 localizes to the centrosome in mammals (Nigg, 2004) and to the centrosome and ciliary base in zebrafish (Wilkinson et al., 2009) , suggests that these proteins perform some unknown common functions related to the centriole. Detailed localization of Cep70 in vertebrate cells will be necessary to understand the function of these proteins and the significance of the highly conserved Cep70 motif. ), CC-503 (cw92; mt + ), and CC-2290 (S1-D2; mt -) were obtained from the Chlamydomonas Genetics Center. A null allele of fla10 (fla10-2), and the bld10-1 and bld12-1 mutants were isolated in our laboratory (Matsuura et al., 2002; Matsuura et al., 2004; Nakazawa et al., 2007) . For assessment of the cellular levels of CRC70 mRNA by RT-PCR, cells were grown in liquid M medium (Harris, 1989) at 24˚C with aeration on a 12-hour-light-12-hour-dark cycle. For immunofluorescence and immunoelectron microscopy, cells were grown in Tris acetate phosphate (TAP) medium (Gorman and Levine, 1965) under constant illumination.
Materials and Methods
Strains
Mouse NIH3T3 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum at 37˚C. For microscopic observation, the cells were transferred to eight-well glass slides and cultured in a moisture chamber for 24 hours at 37˚C.
Cloning and expression of CRC70 cDNA Total RNA was isolated from wild-type cells using the TRIzol reagent (Invitrogen) and was used for cDNA synthesis after treatment with DNase I (Invitrogen). The cDNA was synthesized using Superscript III (Invitrogen) and Tth polymerase (Promega) with oligo(dT) primers (Myers and Gelfand, 1991) . The cDNA fragments of 2.4-kb and 3.2-kb that cover the 59-and 39-halves of CRC70 cDNA, with an overlap of ,130 bp containing a unique XhoI site, were amplified by PCR using PrimeSTAR GXL polymerase (TaKaRa). The primers used were as follows: 59-GGAATTCCATATGCGCGCTGCACGCGCAGC-39 and 59-GCTCGCCGCC TCGGCCTCGCTCTGC-39; and 59-AGCGGCTCGTGCAGGCAGAAGGCCTGC-39 and 59-CGCGGATCCGTACAGCGCCTGCTGTGCCG-39. The underlined sequences in the primers are NdeI and BamHI sites. The 2.4-kb and 3.2-kb fragments amplified were digested with NdeI and XhoI, and XhoI and BamHI, and cloned into pBluescript KS+ (Stratagene) and pCold I (TaKaRa). After determining the sequences of the inserts, the 2.4-kb fragment was cut out and ligated to the 3.2-kb fragment in pCold I digested with NdeI and XhoI. The combined insert was used as the full-length cDNA of CRC70.
For expression of EGFP-tagged CRC70 in mouse cells, the whole insert in pCold I was transferred into the SalI-BamHI site of the expression vector pEGFP-C1 (Clontech). For expression of CRC70 fragments, the corresponding cDNA sequences were amplified by PCR using the following primer sets: 59-CGGAATTCTATGCGCGCTGCACGCGC-39 and 59-CGGGATCCTGGCTGCC AGGTCGTCA-39; 59-CGGAATTCTGCCACCATGCGTGACGA-39 and 59-CGGGATCCCTCGAAGTCGGAGGTCTTCG-39; 59-CGGAATTCTGCTGCGA AGACCTCCGACTT-39 and 59-CGGGATCCCGATCTCGGCGGTCTTGCTC-39; 59-CGGAATTCTAGCAAGACCGCCGAGA-39 and 59-CGGGATCCTGTG CTCCAGCTGTGAGT-39; 59-CGGAATTCTGTGCGGCAGAAGTACTCAC-39 and 59-CGGGATCCCGACAGGTCGAGCTCTATGC-39; and 59-CGGAATTCTGT TTGCATAGAGCTCGACC-39 and 59-CGGGATCCGTACAGCGCCTGCTGTG-39. The amplified fragments were digested at BamHI and EcoRI sites (underlined), and cloned into pEGFP-C1.
Antibodies
The anti-CRC70 antibody was produced as follows. A cDNA fragment encoding residues 16-360 was amplified by PCR using the primers 59-CGCGGATCCCAGCCCTCTGTCAACACCGCA-39 and 59-CGGAATTCCTCG GAGTCTGCGCGCCGCTT-39. The fragment was digested at the BamHI and EcoRI sites in the primer sequences (underlined), and cloned into the bacterial expression vector pGEX-2T (GE Healthcare). The expressed GST-tagged peptide was loaded onto a glutathione-Sepharose 4B column (GE Healthcare) and eluted by applying thrombin to the column, as per the manufacturer's instructions. Eluted proteins were separated by SDS-PAGE, and a band of the expected size was cut out and used for immunizing rabbits. The antiserum was affinity-purified using the antigen protein blotted onto a PVDF membrane strip (Olmsted, 1981) . For elimination of non-specific reactions to a protein of ,170 kDa in Chlamydomonas, the antibody was absorbed with a membrane strip blotted with the cell body extract. The pre-immune serum used in control experiments was treated in the same manner.
Rabbit polyclonal antibodies against Chlamydomonas Bld10p and SAS-6 have been described previously (Matsuura et al., 2004; Nakazawa et al., 2007) . Rabbit polyclonal antibodies against human SAS-6 and Odf2 were gifts from Pierre Gönczy (Swiss Institute for Experimental Cancer Research, Lausanne, Switzerland) and Sachiko Tsukita (Osaka University, Osaka, Japan), respectively. Monoclonal antibodies against a-tubulin (B-5-1-2), acetylated atubulin (6-11B-1) and polyglutamylated tubulin (B3), and polyclonal antibodies against c-tubulin (T3559) and centrin (C7736) were purchased from SigmaAldrich. Monoclonal antibody against C-Nap1 (Clone 42) was purchased from BD Biosciences. The secondary antibodies used were goat anti-mouse-IgG conjugated to fluorescein isothiocyanate (FITC) (Sigma-Aldrich), goat anti-rabbit-IgG conjugated to rhodamine (Sigma-Aldrich), and goat anti-rabbit-IgG conjugated to 10-nm gold particles (British Biocell International).
Western blot analysis
For immunodetection of CRC70 in Chlamydomonas cell extracts, a detergentinsoluble fraction was prepared as follows. Wild-type and bld10 cells were treated with autolysin to remove the cell wall, and washed with MT buffer [30 mM Trisacetate pH 7.3, 5 mM MgSO 4 , 5 mM ethylene glycol tetraacetic acid (EGTA), 25 mM KCl, 0.01% aprotinin, 0.4 mM Pefabloc (Roche) and 5 mg/ml leupeptin)] containing 25% sucrose. The cells were washed again with MT buffer alone for hypotonic exposure, and then lysed with 1% NP-40 in the buffer. The lysates were centrifuged at 13,000 g for 20 minutes at 4˚C. The pellets were suspended with MT buffer, transferred onto Immobilon-P membranes (Millipore), and analyzed by SDS-PAGE. Immunoreactive proteins were detected using ECL Advance reagents (GE Healthcare) and the Light-Capture System AE-6972 (ATTO).
Immunofluorescence microscopy
Chlamydomonas cells were fixed and processed for antibody staining as described by Holmes and Dutcher (Holmes and Dutcher, 1989) . NFAp was prepared and observed by immunofluorescence microscopy according to the method of Wright et al. (Wright et al., 1985) . Images were recorded using an Axioplan fluorescence microscope (Carl Zeiss MicroImaging) with a 636 1.4 NA plan-APOCHROMAT objective and a CoolSNAP CCD camera (Roper Scientific).
Mouse cells were washed with PBS and fixed with -20˚C methanol for 10 minutes or with 4% formaldehyde in PBS for 20 minutes. The fixed cells were washed with PBS for 5 minutes and permeabilized by treating three times with 0.1% Triton X-100 in PBS for 5 minutes each time. After three 5 minute washes with PBS, cells were incubated with blocking buffer at 37˚C for 30 minutes. The blocking buffers used were 1% BSA in PBS for anti-human SAS-6, anti-C-Nap1, and anti-Odf2 antibodies, 10% goat serum in PBS for anti-centrin antibody, and the blocking solution used by Holmes and Dutcher (Holmes and Dutcher, 1989) (10 mM sodium phosphate pH 7.2, 5% goat serum, 5% glycerol, 1% cold fish gelatin and 0.004% sodium azide) for anti-a-tubulin antibody B-5-1-2 or anti-ctubulin antibody. Images were recorded using an LSM710 confocal microscope (Carl Zeiss MicroImaging).
Quantitative RT-PCR
The relative expression level of the CRC70 mRNA was quantified by qRT-PCR analyses (Higuchi et al., 1992; Higuchi et al., 1993) . Approximately 2610 7 cells were collected, flash-frozen in liquid nitrogen and stored at -80˚C. RNA was extracted from the cells and reverse transcribed (Myers and Gelfand, 1991) . The synthesized cDNA was treated with 0.02 units per ml of RNase H (Invitrogen) at 37˚C for 20 minutes and analyzed by real-time PCR using a LightCycler (Roche) and TaKaRa R-PCR kit version 2.1 (TaKaRa). The primer sets used for amplifying cDNA fragments of CRC70 and elongation factor 1 alpha (EF1a; a control gene) were: 59-CATGCGCCTGTTCGACTGCC-39 and 59-TCCGCACCGT GAAGACAGCC-39; and 59-CGCGTGGGCTG-GAAGGACGA-39 and 59-CTT-GCCGGTGCAGGGGTTGG-39. The sets of fluorescence-labeled oligonucleotide DNA probes used for the detection of the PCR products were 59-GCGATCGGC-TGCTGCCAGACTACATCAAGG-39 -FITC and LCRed640-59-CAACCATGC-GTCCGCCGCCAGCC-39; and 59-GAAGATCCAGGTGCACACCCTGCTGGA-CGC-39-FITC and LCRed640-59-CTGAACAGCTTCGTGGTCGTGCCCGAGC-39. The program used for amplification was as follows: 95˚C for 30 seconds, 50 cycles of 95˚C for 5 seconds, 64˚C for 15 seconds, and 70˚C for 20 seconds. Each real-time PCR assay was performed in duplicate, and the quantification experiments were repeated three times using RNA isolated from independent cultures.
Gene silencing using artificial micro RNA (amiRNA) Gene silencing using amiRNA was performed as described previously (Molnar et al., 2009) . pChlamiRNA3int, an expression vector for the miRNA precursor, was obtained from the Chlamydomonas Resource Center (University of Minnesota, St. Paul, MN). Two amiRNA sequences, each consisting of ,90 bases, were designed using the web MicroRNA designer platform (WMD3; http://wmd3. weigelworld.org/cgi-bin/webapp.cgi). One sequence was designed to target the sequence 59-AAGGGCGAAGAGATTCGCTC-39 in the coding region of the CRC70 cDNA, and the other was designed to target the sequence 59-TTGGCTTGTTAGCACAGCTA-39 in the 39-untranslated region (UTR). After annealing with the complementary oligonucleotides, the amiRNAs were digested with SpeI and ligated into SpeI-digested pChlamiRNA3int. Wild-type cells were transformed with the constructed plasmids using electroporation (Shimogawara et al., 1998) . The transformed cells were cultivated on TAP agar plates that contained 10 mg/ml paromomycin. Next, ,500 colonies of drug-resistant transformants were transferred into liquid TAP medium in 96-well plates and observed under a microscope. Two clones that contained no flagellated cells were saved and used as candidates for knockdown strains. One clone, ami1, was obtained by targeting the coding region of the CRC70 gene, whereas the other, ami2, was obtained by targeting the 39-UTR fragment.
Overexpression of CRC70
Two plasmid vectors were used for the production of Chlamydomonas strains that overexpress CRC70 tagged with HA 3 or the FLAG sequence. For expression of the HA-tagged protein, the plasmid pHY1 carrying the PsaD promoter for cDNA expression and the aphVIII gene for paromomycin-resistance were used . For expression of the FLAG-tagged proteins, another plasmid, pHY2, was constructed from pHY1 by replacing the HA 3 sequence with the FLAG sequence. The full-length CRC70 cDNA was ligated into the NdeI and EcoRI sites of pHY1 and pHY2, and used for the transformation of wild-type cells. The transformed cells were cultivated on agar plates that contained 10 mg/ml paromomycin; ,1000 colonies of drug-resistant transformants were saved and analyzed by western blotting using the anti-CRC70 antibody.
Transfection of NIH3T3 cells
NIH3T3 cells on glass slides or plastic dishes were transfected with plasmid DNA using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Immunofluorescence microscopy was performed using the cells immobilized on glass slides 24 hours after transfection. Electron microscopy was performed using the cells on plastic dishes 72 hours after transfection.
Electron microscopy
Immunoelectron microscopy was performed mostly as described previously (Silflow et al., 2001 ). All procedures were carried out at 4˚C unless stated otherwise. For NFAp observations, samples were treated with the primary antibody in HMT-BSA solution (30 mM Hepes pH 7.0, 5 mM MgSO 4 , 5 mM EGTA, 25 mM KCl, 1% BSA, 0.01% aprotinin, 0.4 mM Pefabloc (Roche) and 5 mg/ml leupeptin) for 90 minutes. Following three washes with HMT-BSA, the samples were treated for 90 minutes with goat anti-rabbit-IgG antibody conjugated to 10-nm gold particles diluted 1:20 in HMT-BSA. The NFAp preparations were washed once with HMT-BSA and fixed, first with 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium-phosphate buffer (pH 7.4) for 1 hour, and then with 1% glutaraldehyde in 0.1 M sodium-phosphate buffer (pH 7.4) overnight. For observation of cells on dishes, the samples were washed with PBS and fixed with 2.5% glutaraldehyde in PBS for 1 hour. Both the NFAp preparations and the mouse cells were post-fixed with 1% OsO 4 for 1 hour on ice, and stained en bloc with 1% uranyl acetate for 30 minutes on ice. The samples were then dehydrated and embedded in EPON812 (Shell Chemical Company). Ultrathin sections were post-stained with 7% aqueous uranyl acetate for 20 minutes and 0.8% lead citrate for 2 minutes.
